Separating oscillating and pulsating flows in an internal adverse pressure gradient geometry are studied experimentally. Time-resolved PIV measurements and simultaneous pressure measurements reveal that, in oscillating flow, during the accelerating portion of the cycle, the flow remains attached in spite of a very large adverse pressure gradient. During the decelerating portion of the cycle, the flow is more prone to separation. The duration and extent of the separation depend strongly on the oscillation displacement amplitude relative to the cross-stream dimension. In some cases, the flow separates but reattaches as the separated shear layer is accelerated temporally. The time-varying pressure measurements are used to determine the resultant minor losses for the flow in each direction. These are found to be an increasing function of displacement amplitude and a decreasing function of the Reynolds number and can be greater than or less than those for steady flow. Pressure and velocity measurements are presented for pulsating flow with various DC components.
Introduction
In virtually any geometry or flow regime, the behavior of oscillatory flow is significantly different from steady flow. Attempts to treat oscillatory flow in a quasi-steady manner, assuming that at any instant the flow has no memory and behaves as a steady flow would at the instantaneous Reynolds number, have met with only limited success [1] . The temporal accelerations/decelerations present in oscillatory flow but absent in steady flow have interesting effects on separated shear layers which can lead to reattachment.
While there has been interest in oscillatory flow as a challenging model problem [2] and in applications where flow is oscillating, interest in oscillatory flow has increased recently due to new applications and improved methods of measuring/simulating this flow. With the rise of bioengineering of blood vessels, there is an increased need for understanding of the shear rate generated in low Reynolds number, separated, oscillatory flow. The current limited understanding of this flow leads to inefficient designs and sub-optimal performance in many applications. These applications are many and varied, including Stirling engines, internal combustion engines, coastal engineering, respiratory flows, synthetic jets, flow in arteries, thermoacoustic machines, and manufacturing flows. For zero-mean-flow in the simple geometry of a circular pipe, oscillatory flow is governed by as many as four dimensionless parameters. These include a Reynolds number based on pipe diameter, the displacement amplitude relative to the pipe diameter, the pipe roughness, and a compressibility parameter. The addition of steady flow adds one more parameter. Even in cases where simplification is possible (e.g. treating the flow as incompressible or the pipe as smooth), this complexity has resulted in an incomplete picture of oscillatory flow in spite of the large amount of research performed to date.
Even less is known about separation and reattachment of the boundary layer in internal oscillatory flows. Boundary layer separation is always dependent on the boundary layer state, and thus the complex nature of the transition to turbulence in oscillatory flow strongly impacts the flow behavior in cases for which separation is likely, such as adverse pressure gradient flows, or flows past sudden changes in geometry. Meanwhile, reattachment is strongly influenced by the rollup of the separated shear layer, especially during the accelerating portion of the cycle.
Oscillatory flow in adverse pressure gradients with no boundary layer separation was found to be very similar to steady flow in the same geometry by Schachenmann and Rockwell [3] . The time-averaged effect of streaming motions in a 2-D diffuser undergoing oscillatory flow was investigated by Gaver and Grotberg [4] . Only flow visualization results were reported. Studies on constricted oscillatory channel flow have also been performed [5] [6] [7] in order to learn more about blood flow through a constricted artery. Using Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS), Mittal et al. [5] revealed that pressure fluctuations called arterial murmurs that have been detected near constricted arteries result from the shear layer of the separated flow downstream of the constriction. It is noteworthy that these authors report that despite the relative simplicity of the flow configuration employed and the single-phase of the fluid, the flow downstream of the constriction in the simulations exhibited a number of features previously observed in experiments carried out in more realistic configurations. Note that none of these studies endeavored to understand the physics of boundary layer separation and reattachment for oscillatory flow.
Investigations performed in the USU EFDL Oscillatory Flow Facility in a 2-D diffuser show that in a geometry where steady flow would separate immediately due to the large adverse pressure gradient, oscillating flow can initially separate, but reattach as the vortex-pair reaches the walls. The flow remains fully attached for the remainder of the blowing cycle.
The remainder of this paper contains a description of our facility and measurement techniques oscillating and pulsating flows in an adverse pressure gradient. This is followed by an analysis of the relationship between time-averaged pressure and the minor loss factors. The results are presented, followed by conclusions.
Facility and Measurements
Measurements are made in the Utah State University Oscillatory Flow Facility. This unique facility is capable of producing velocity oscillation amplitudes as large as 50 m/s in the frequency range 7 to 120 Hz and steady flows up to 40 m/s. Oscillations of the air are generated by a driver system that resides below the test section and consists of eight loudspeakers. Steady flow can be added via a port at the bottom of the facility. Flow regimes from purely oscillatory to steady flow with small perturbations are therefore feasible. The driver system is described in more detail in [8] .
The test section is designed to accommodate general 2-D oscillatory flow experiments. The walls on the cross-stream sides of the model are made of glass to allow flow visualization or optical measurements such as PIV. A single geometry is considered: That of an expansion from a width h = 1.66 cm to H = 6.70 cm with a total angle of 30 degrees. The expansion is thus l = 9.52 cm long and is W = 15.2 cm in the spanwise direction into the page. The channel leading into the expansion from below is 59.7 cm or 36.0h long, and the channel leading out of the top of the expansion is 48.9 cm or 7.33H long. These values are chosen to ensure that all flow into either end is fully developed. It has been recently shown that fully developed oscillatory flow requires that the channel length be at least one displacement amplitude (defined below) long [9] . The walls on the spanwise sides of the test section are made of glass to allow flow visualization or optical measurements.
Determination of acoustic power dissipation requires measuring the time-varying pressure and cross-stream average velocity. Time-resolved velocity measurements are made using a digital PIV system (LaVision Inc.). The system is capable of taking up to 3000 frames per second. A total of 2048 images were acquired at a rate of 50 double-pulsed images per cycle using a 1 megapixel 10-bit camera. A florescent paint was applied to all surfaces in the test section to shift laser reflections to wavelengths that can be removed by a filter on the camera. The flow was illuminated with a 45 mJ Nd:YAG laser with sheet optics. The laser was mounted above the facility and entered through the open end at the top of the facility. Olive oil droplets formed by a Laskin nozzle apparatus built in house were used as seeds. The droplets produced were estimated to be 1-2 µm in diameter. The seeds were introduced into the facility through the steadyflow port located below the drivers and allowed to mix before data was acquired. Care was taken to ensure that the images of the seeds on the CCD array were somewhat larger than 2 pixels to eliminate pixel locking while providing maximum accuracy. Multiple cross-correlation passes with a final spot size of 16 pixels were used. The vector resolution in the velocity fields presented in this paper is 1.02 mm. To improve the dynamic range of the velocity measurements, a pair straddling PIV technique was used [10] .
The zoomed-in velocity fields used to generate the boundary layer velocity profiles in Figure 11 were acquired using a 12-bit 1.3 megapixel camera and 50 mJ Nd:YAG laser phase-locked to the driving signal. One hundred shots were taken at 18 points in the cycle and the velocity fields were phase-averaged. The vector resolution in this data is 50 µm.
Simultaneous to the velocity measurements, pressure was measured at 8 locations (indicated in blue in Figure 1 , we will refer these as set A) with piezo-resistive pressure sensors built into the wall. This arrangement has been found to provide accurate time-averaged pressure in the presence of large amplitude fluctuations [8] . In order to reduce the precision error in the pressure measurements, the cases were then repeated with the pressure being measured over 1000 cycles (100,000 samples) at 11 locations (marked red, set B). The sensor nearest to the speakers was left in place to ensure equal pressure amplitude between sets. In order to avoid errors caused by the small nonlinearity of these transducers, the full voltage waveforms from the transducers were digitized and a nonlinear calibration curve was used to convert voltages to pressures. Time-averaged pressure measurements were used to calculate the minor losses and acoustic power dissipation.
To describe oscillating flow, two flow parameters are needed in addition to the geometric parameters: the dimensionless displacement amplitude (or stroke length) based on the small channel width, and a Reynolds number based on the viscous penetration depth. The displacement amplitude can be computed from the velocity data:
where T is the driving period. For sinusoidal volume flow rate,
The dimensionless stroke length L 0 /h is thus an inverse dimensionless frequency.
In describing flow with a steady component added, an additional dimensionless parameter, u 0 /u max , is needed. This relates the DC component (the zeroth harmonic) to the amplitude of the oscillations.
The viscous penetration depth (or Stokes layer thickness) δ = 2ν/ω, is a measure of the distance momentum diffuses over one cycle in an oscillating flow. A Reynolds number based on viscous penetration depth, Re δ = u max νT /π/ν, is used, since this parameter is more relevant for describing the boundary layer state [11] than a Reynolds number based on the channel width, Re h = u max h/ν. These two Reynolds numbers can be related by
In the present study, Re δ , is held constant so Re h is inversely proportional to L 0 /h.
Time-averaged effects of minor losses
By assuming a distinct minor loss in each direction that is valid for the entire half cycle, we can relate time-averaged pressure and acoustic power to these loss factors. During the blowing part of the cycle, we call the minor loss K B and assume the fluid flows from a point 1 below the diffuser to a point 2 above:
or
where p is the time-varying pressure, K B is the minor loss coefficient for the blowing stroke, u is the velocity, and the subscripts 1 and 2 refer to the bottom and top of the diffuser, respectively. Introducing the area ratio η = h/H,
Similarly, during the other half period 0.5 < t/T < 1,
Averaging over a full period T , the integral terms go to zero:
where
∆P is the time-averaged pressure difference, and u 1,max = max[u a (t)]. If the flow is sinusoidal, then α B = α S = 1/4 and
Thus, we have an equation that relates the difference in the losses to measurable quantities. A second equation that relates the sum of the loss factors to similar quantities can be derived by forming an equation for the acoustic power. One-dimensional acoustic power is the integral over the cycle of pressure drop times volume flow rate [12] . So, by multiplying Eqs. 5-6 by the volume flow rate and integrating, we form the desired equation. It should be noted, however, that the integral inertial term will not go to zero.
One-dimensional acoustic power dissipation can also be calculated knowing the instantaneous pressure and instantaneous cross-stream average flow rate over a cycle:
It is interesting to compare the present results to the steady flow literature. Idelchik has developed a comprehensive catalog of steady flow loss factors that are presented in [13] . According to this data, a diffuser of the geometry reported here will have a loss factor for flow moving from bottom to top in the range 0.42 < K < 0.57 (depending on the velocity profile shape) and 0.044 for flow moving from top to bottom.
Results
Three Reynolds numbers at a variety of displacement amplitudes are studied as shown in Figure 2 . The driving amplitude necessary to achieve a desired Reynolds number and L 0 /h is determined iteratively. A good initial guess can be made by noting that to first order, the pressure amplitude below the model increases linearly with velocity amplitude and frequency. The amplitude and phase of the average cross-stream velocity near the diffuser inlet are calculated using a fourier transform. This velocity amplitude is then used to calculate the Reynolds number and stroke length for the data set. The dimensionless time t/T is set to zero at the point where the flow rate crosses zero moving in the positive x direction.
Time-resolved PIV data show that the larger the displacement amplitude for a given Reynolds number, the earlier the flow separates, giving rise to greater irreversibilities and greater losses. For relatively small stroke lengths, the flow reattaches quickly, and the resulting minor losses can be smaller than for steady flow through the same geometry from [13] . For larger stroke lengths, the flow reattaches later in the cycle and more dissipation is present, meaning minor losses can be greater than for steady flow.
This phenomenon is demonstrated in a side-by-side comparison of two velocity fields (Figure 3 ) at the same point in time of cases having the same Reynolds number but different stroke lengths. The separation in the case on the left does not become significant before the flow reverses, resulting in much smaller losses. Animations of all the cases presented are available at the USU Experimental Fluid Dynamics Laboratory website [14] .
The set A pressure sensors are distributed on both sides of the diffuser and allow investigation of variations between the pressure on either side of the diffuser as the flow flaps from side to side. As can be seen in Figure 4 , the pressure amplitude below the diffuser is larger than above.
Repeatable features in the pressure signals are more easily detected when the pressure data are phase averaged. The phase-averaged pressures for the same sensors and Re δ = 380 and L 0 /h = 11 are shown in Figure 5 along with the fit to the volume flow rate. There are three features to note:
1. The flow is largely symmetric left to right. 2. The pressure amplitude during the blowing portion of the cycle (0 < t/T < 0.5) changes appreciably between the first and second row of sensors, but very little between the second and third indicating that the flow has separated in between these rows. 3. Prior to the convergence of the second and third row pressure values, there is a sudden loss of pressure recovery (i.e. an upward jump in the pressure) experienced at sensors 2 and 3. The results below indicate that this jump corresponds to the passing of the separation point through this location. A similar but less pronounced jump in the pressure is experienced at sensors 4 and 5 somewhat later.
The time average of these pressure P measured with both sets of pressure sensors is shown in Figure 6 . Smith and Swift showed that oscillatory flow through an entrance such as the one at the top of the facility will generate time-averaged pressure below the ambient [15] , which is also the case for the present data at x/h = 25. As one moves from the top of the facility downward through the diffuser, P becomes increasingly negative, and reaches a constant value in the small channel.
Fugal et al. [9] demonstrated numerically that in entrance regions, significant cross-stream variations in pressure can exist. Entrance effects from the diffuser and from the end of the facility are detectable in the data in Figure 6 at x/h = 22. While our channels are long enough to ensure that changing their length would not impact the results, one must still take care in choosing a location to assess the time-averaged pressure, and that this location is sufficiently removed from the exit of the facility.
The time-averaged pressure results and velocity information can be related to the loss factors in Eq. 10. Data used to compute loss factors was taken from the sensors most central in the channel to avoid end effects. The results for the full set of data are shown in Figure 7 . Three conclusions are drawn from the data: We note that a faulty ground on the pressure instrumentation was found in the data used to calculate the minor loss coefficients reported in earlier work [16, 17] , although the trends and values were similar. We also note that the levels of the minor losses reported here are sensitive to which pressure sensor they are based upon, and that our choice is somewhat arbitrary.
The minor losses are generated by random motions that occur subsequent to the separation of the boundary layer from the diffuser walls. The arrival of the separation as a function of L 0 /h is evident in the phase-averaged pressure traces in Figure 8 . As the stroke becomes longer, the time at which the pressure jump occurs becomes earlier.
To make this more clear, the time at which the pressure jump from the vortex arrival occurs is plotted against L 0 /h in Figure  9 . The separation occurs earlier for longer displacement amplitudes, and, as shown above, this leads to larger losses. Note that the largest L 0 /h value for the Re δ = 580 case does not follow the linear behavior at smaller stroke lengths. The minor loss for this case was also lower than expected.
The instantaneous channel velocity and pressures are used to calculate the acoustic power dissipation through the diffuser. Nondimensional acoustic power loss is shown as a function of displacement amplitude in Figure 10 . Similar to the minor losses, the power dissipation is found to generally increase with displacement amplitude and decrease with Reynolds number.
In an analytical study of oscillating channel flow, Poroseva Figure 7 . The sum of the minor losses computed from the velocity waveform and the time-averaged pressure (set B) using Eq. 10. The gray region represents the range of minor loss coefficients for steady flow through the same geometry from [13] .
et al. [18] suggests that the transition to turbulence occurs at Re δ = 400. Boundary layer velocity profiles from the current experiment are plotted in Figure 11 for each Reynolds number studied. The velocities are nondimensionalized by the maximum channel velocity. It is apparent that the Re δ = 380 and Re δ = 580 cases lie in the transitional flow regime where Re δ = 740 is turbulent. Generally, the same procedure for studying oscillating flow was used to study pulsating flow. Steady flow was added with the olive oil droplets through a port at the bottom of the facility. To maintain a uniform u 0 /u max while taking data, the flow was regulated by a mass flow controller.
A PIV image comparing oscillating and pulsating flow at a Re δ = 380 and L 0 /h = 20 is shown in Figure 12 . In the oscillating flow case, the vortex pair is able to reach the wall. The flow remains attached for the remainder of the blowing cycle, minimizing the losses. In the pulsatile flow case, the vortex pair is pushed through the diffuser and never allowed to reattach. Since the flow is only attached at the beginning of the cycle, it closely resembles jet flow during the blowing portion of the cycle and resembles oscillating flow during the suction portion.
The pressure at the beginning of the diffuser (the lowest blue arrow in Figure 1 ) from the Re δ = 380 and L 0 /h = 20 cases shown in Figure 12 is plotted in Figure 13 . Note that even though the pressure at t/T = 0 is the same for both cases, the timeaveraged pressure over the cycle for the pulsating flow is lower, meaning the minor losses are greater for the pulsating flow case (see Eq. 10). The sudden jump in pressure usually seen with oscillating flow is not present because the pulsating flow separates early in the blowing cycle and is not able to reattach.
Conclusions
Simultaneous velocity-pressure measurements demonstrate that the losses associated with oscillating flow in an adverse pressure gradient geometry can be smaller or larger than for steady flow. The minor losses and acoustic power dissipation grow with increasing displacement amplitude in the range 10 < L 0 /h < 37.
Losses and acoustic power dissipation decrease with Re δ in the range of 380 <Re< 740. The extent and duration of boundary separation increase with L 0 /h. The losses for pulsating flow are found to be greater than for those of oscillating flow with the same Reynolds number and displacement amplitude. 
